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Abstract 
The effect of high-temperature (up to 2800°C) modification on the microstructural and textural parameters and surface chemistry 
of nanodispersed carbon black (NDCB) P 234 and P 514 particles was studied. It was found that non-monotonous changes in 
electrical conductivity of NDCB particles are accompanied by the removal of oxygen-containing functional groups and non-
carbon impurities as well as changes in the parameters characterizing EPR and Raman spectra. 
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1. Introduction 
Among topical applications of carbon powders, in particular nanodispersed globular carbon (carbon black), is the 
development of autonomous electrochemical systems with different principles of action and design (batteries, 
storage cells, supercapacitors, fuel cells and others) [1-5]. Owing to the structural features of the smallest dispersed 
species consisting of strongly crosslinked spherical nanosize particles (globules) represented by 3D aggregates, 
carbon black is employed as both the electrically conducting filler and the basis for template synthesis of the highly 
efficient (with the optimal specific surface area, pore size and volume, microstructure, electrical conductivity and 
chemical purity) active component of electrodes [6-9]. Therewith, the development of new types of nanodispersed 
carbon black (NDCB) will make it possible both to improve the existing goods and designs and to develop a new 
generation of electrochemical systems. In this connection, an important practical task is to explore the possibility of 
deliberate control of NDCB properties during their synthesis and treatment [10].   
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This work is a continuation of the studies [11–14] aimed to estimate the effect of main technological procedures 
in the synthesis of special grades of nanodispersed carbon black on its characteristics and properties, and is devoted 
to investigation of the high-temperature (up to 3000°С) modifying action on the microstructural and textural 
parameters and surface chemistry of NDCB particles. 
2. Experimental 
The study was performed with NDCB samples synthesized by the furnace method: P 234 (Ssp = 103 m
2/g; GOST 
7885-86) and P 514 (Ssp = 50 m
2/g; GOST 7885-86). Thermal modification (TM), measurement of volume electrical 
resistance (R) and textural characteristics from the low-temperature adsorption of nitrogen (Ssp) as well as 
investigation of NDCB samples before and after TM using Raman scattering spectroscopy were performed by the 
techniques reported in [14]. 
The quantitative estimation of oxygen content on the surface of NDCB samples in the course of ТМ was made 
using a CHNOS elemental analyzer Vario EL Cube (Elementar Analysensysteme GmbH). The NDCB samples were 
subjected to pyrolysis in a quartz tube at 1170°С, after which oxygen quantitatively passed into carbon monoxide. 
After that, CO was confined on an adsorption column, desorbed and detected by a katharometer. The content of ash 
impurities was found according to GOST 22692-77. 
The qualitative assessment of the surface chemistry of NDCB samples was performed by means of infrared 
spectroscopy. The samples were prepared as a thin layer by sedimentation. Sputtering was performed for 60 min on 
a BaF2 wafer in a glass cylinder with the height of 25 cm and repeated 5-7 times. IR spectra were recorded on a 
Shimadzu Prestige-21 IR spectrometer with a resolution of 4 cm-1 and spectrum accumulation from 50 scans. The 
spectra were processed using the OriginLab software (baseline correction and smoothing).  
EPR spectra were recorded on a Bruker EMX-plus spectrometer in a range of 2000 – 5000 G. A resolution of 
1024 points was employed and the number of spectral scans was 20. Signal amplification was 1·104; baseband, 100 
kHz; baseband amplitude, 5 G; time constant, 10.24 ms; and radiation power, 2·10-2 W. The resulting spectrum was 
averaged over 20 scans. EPR signals were recorded at room temperature (293 K) and at the liquid nitrogen 
temperature (77 K). In the latter case, the sample was dispersed in toluene. 
3. Results and discussion 
The application of Raman spectroscopy and X-ray diffraction analysis enabled us to reveal a relationship between 
electrical conductivity of NDCB particles and some parameters characterizing their structural changes (the intensity 
ratio ID/IG of the D and G lines in Raman spectra and coherent scattering domain sizes: La, Lc and d002) as well as the 
similarity of changes that occur upon thermal oxidative modification (TOM) and purely thermal heating [12,13]. 
The study revealed behavioral features in some characteristics of NDCB samples under different conditions of TOM 
and TM. In case of TOM these changes are monotonous and accompanied by a growth of specific surface area and a 
drop of resistance R, whereas upon TM the temperature dependence of R goes through a minimum [14]. This is 
most pronounced for “smooth” NDCB samples P 234 and P 514 (Fig. 1а). It seems interesting that the R value of 
“non-conducting” NDCB P 234 in the temperature range of 900 – 1500qC reaches the values typical of the standard 
electrically conducting NDCB P 267 E [14]. 
At the same time, as the temperature is raised to 2800qC, surface area of the particles gradually decreases from 
103 to 82 m2/g for P 234, and from 50 to 39 m2/g for P 514 (Fig. 1a). In both cases, at temperatures below 1600qC 
Ssp decreases by no more than 6% within the measurement accuracy, while at a further growth of temperature the 
decrease becomes much more pronounced.  
To substantiate the dependences obtained after high-temperature modification of standard NDCB P 234 and P 
514, additional studies of the structural changes and surface chemistry properties were performed.  
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The quantitative estimation of the content of oxygen bound to the surface as a component of various functional 
groups showed that elevation of TM temperature is accompanied by a gradual decrease in the oxygen content (Fig. 
1b). Therewith, an individual temperature threshold for the removal of oxygen-containing functional groups, when 
the oxygen content cannot be determined quantitatively, was established for each NDCB. For P 514 the presence of 
oxygen was not detected already at a temperature of 1100qC, while for P 234 – only at 1600qC. 
Fig. 1. (a) Changes in R and Ssp of NDCB with TM temperature. (b) The effect of TM on the oxygen content. 
Changes that occur on the surface of P 234 are additionally illustrated by IR spectroscopy data (Fig. 2a). IR 
spectra show a decrease in intensity of absorption bands for the following bonds: C-O in the alcohol and phenol 
fragments (the region of 1000 – 1200 cm-1) and С-О-С in ether and lactone structures (the region of 1200 – 1300 
cm-1). At 2800qC the intensity of absorption bands decreases virtually to background values. Presumably, the 
decrease in electrical resistance in the temperature range of 1000 – 1600qC was caused mostly by the removal of 
volatile components, in particular the oxygen-containing ones, from the NDCB surface. 
Fig. 2. (a) IR spectra of NDCB P 234 before and after TM (1100 and 2800°C). (b) The effect of TM on the ash value of NDCB. 
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However, the removal of non-carbon impurities from the particles of both NDCB types proceeds with equal 
intensity (Fig. 2b). In the temperature range of 1000 – 2400qC the material passes to the special purity grade.  
Raman spectroscopy data demonstrating changes in the microstructure of NDCB particles after thermal 
modification are listed in Table 1. 
Table 1. Parameters of Raman spectral bands for NDCB P 234 and P 514 before and after TM: position of maxima (ω) and full width at half 
maximum (FWHM).   
NDCB 
sample 
ω (D)  
(cm-1) 
FWHM(D) 
 (cm-1) 
ω (G)  
(cm-1) 
FWHM(G)  
(cm-1) 
ω(G´) 
(cm-1) 
FWHM(G´) 
(cm-1) 
1 2 1 2 1 2 1 2 1 2 1 2 
Initial 1300 1310 247 272 1572 1588 141 101 – – – – 
1100qC 1303 1306 206 234 1581 1583 111 122 – – – – 
1600qC 1289 1296 114 115 1598 1596 64 83 – – – – 
2000qC 1288 1289 54 49 1603 1603 39 37 2562 2565 74 60 
2400qC 1288 1289 48 42 1602 1602 34 35 2564 2566 55 39 
2800qC 1289 1289 43 38 1603 1605 35 32 2565 2568 56 44 
1 – NDCB P 234; 2 – NDCB P 514 
Irrespective of NDCB type, a narrowing of the D and G bands and diverse shifts of their maxima positions are 
observed in Raman spectra upon thermal modification up to 2000°С. When TM temperatures of the samples are 
raised above 2000°С, the full width at half maximum (FWHM) and the maximum position of D and G peaks change 
only slightly, and a new band with the frequency of ~ 2570 cm-1 appears in the Raman spectrum (Fig. 3a), which is 
commonly denoted as G´ or 2D [15-17]. A further increase in TM temperature produces a gradual decrease in 
intensity of the revealed G´ peak and a narrowing of FWHM of the same band. For both NDCB samples, the 
intensity ratio of D, G and G´ bands (ID/IG, IG/IG´) gradually decreases in the course of thermal treatment (Fig. 3b). In 
all cases, intensity of the bands corresponding to NDCB P 514 is always higher and their ratio and FWHM are much 
lower as compared to P 234 samples, which indicates more pronounced structural transformations upon thermal 
modification. 
 
Fig. 3. (a) Raman spectra of NDCB samples before and after TM. (b) The effect of TM on ID/IG and IG/IG´. 
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To elucidate the chemical nature of active paramagnetic centers and their relationship with the volume electrical 
resistance, EPR signals from the modified samples were recorded at different temperatures (293 and 77 K) (Table 
2). 
Table 2. Parameters of EPR spectra of NDCB P 234 and P 514 before and after TM 
NDCB 
sample 
Peak width, G  g-factor 
T = 77 K T = 293 K T = 77 K T = 293 K 
1 2 1 2 1 2 1 2 
Initial 7 not determ. 640 168 2.0014 not determ. 2.0070 2.0006 
1100qC 4 not determ. 277 73 2.0009 not determ. 2.1390 2.0340 
1600qC 56 42 52 47 2.0010 2.0009 2.0020 2.0028 
2000qC 11 6 12 6 2.0028 2.0066 2.0030 2.0061 
2400qC 8 7 8,8 8 2.0046 2.0068 2.0055 2.0078 
2800qC 16 18 20 16 2.0055 2.0073 2.0050 2.0084 
1 – NDCB P 234; 2 – NDCB P 514 
As shown by changes in the EPR signals from NDCB P 234 (Fig. 4b) with increasing the TM temperature and 
from NDCB P 145 (Fig. 4a) [18] with increasing the degree of thermal oxidative treatment, the diffuse and very 
weak signals (which are hardly detectable for the initial samples and also for P 234 at a TM temperature of 1100qC) 
gradually transform into typical singlets with growing amplitudes and decreasing peak widths. The peak of the P 
234 sample treated at 1600°С is virtually identical to the EPR signal from a 2D film of pyrolytic carbon (PC), which 
formed upon thermal decomposition of methane on the surface of Аl2О3 powder at a temperature of 1500qC [18]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) EPR signals from NDCB P 145 before and after TOM and from a PC film [18]. (b) EPR spectra (at T = 293 K) of the NDCB P 234 
sample before and after TM (1600°С). 
Broad lines for the samples treated at temperatures below 1600qC may be caused by the spin-spin interaction of 
paramagnetic electrons belonging to a set of crystallites chaotically distributed both in the NDCB particle and in the 
external magnetic field of a spectrometer. In addition, the line broadening may be produced by the spin-spin 
interaction with oxygen atoms of the functional groups located on the surface of NDCB particles.  
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Recording of EPR signals at different temperatures revealed features of the thermal action on the studied NDCB 
samples. At room temperature the both samples (P 234 and P 514) show nearly a monotonous decrease in the line 
width: from 640 to 20 G for P 234, and from 168 to 16 G for P 514 (Table 2); however, after cooling the samples to 
the liquid nitrogen temperature, the maxima at 1600°С appear on the curves of line width versus TM temperature 
(Fig. 5a). At a TM temperature of 1600°С, line width at the maxima was ΔH ~ 40 – 60 G and approximately 
coincided with the values obtained at the measurement temperatures of 293 and 77 K. This gives grounds to suppose 
that singlet signals from the samples may be related to paramagnetic electrons in complex organic radicals with 
quite a large combined system of π-electrons (with the size close to La) and a weak interaction with the protons and 
nuclei of organic radical (the unresolved hyperfine structure of EPR signal). The formation of such complex radicals 
intensifies with elevation of TM temperature; this occurs most likely in subsurface zones where an increase in TM 
temperature leads to the appearance of extended carbon networks combined into several layers. According to 
electron microscopy studies, this occurs starting from the TM temperature of 1600 °С and above (Fig. 5b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) The peak width of the EPR signal at T = 77 K versus TM temperature of NDCB. (b) Microimage of NDCB P 234 after TM at 1600°С. 
Another very interesting feature of the thermal action on P 234 and P 514 samples is that the minimum electrical 
resistance (Fig. 1a) of the samples treated at 1600°С coincides with the minimum value of g-factor equal to 2.002 at 
the same temperature, which corresponds to the values for a free electron.  
Our study showed that changes in the microstructure of P 234 and P 514 samples caused by the thermal treatment 
at 1100 – 1600°С produce an increase in electrical conductivity of the particles due to the starting growth and 
reorientation of the graphene layer stacks (a transition from chaotic to quasi-spherical orientation about the center of 
the particles). A decrease in g-factor in this region indicates that the interaction of intrinsic magnetic moments of 
electrons with angular moments upon movement in giant conjugated orbitals is weaker as compared to the initial 
particles, where graphene stacks have much smaller sizes and are more chaotic. A further elevation of thermal 
modification temperature above 1600°С is accompanied by a decrease in electrical conductivity and a simultaneous 
growth of g-factor, the cause of which is yet unknown. Thus, reorientation and changes in the size of graphene 
layers are the possible reasons for switching the mechanism of electrical conductivity in the particles that emerge at 
the thermal treatment temperatures of 1100 – 2800°С. 
4. Conclusion 
Thermal modification is a powerful tool for the transformation of structural-textural characteristics and properties 
of NDCB particles. The action of high temperatures produces non-monotonous changes in the volume electrical 
resistance, specific surface area, and content of non-carbon impurities and oxygen. All these deep structural 
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transformations are accompanied by the appearance of a new G´ band in Raman spectra, shifting and narrowing of 
the D and G bands, a decrease in the intensity ratio of these bands (ID/IG, IG/IG´), and changes in the width of EPR 
signals and g-factor. The data obtained are of fundamental and practical interest and can be used for further 
investigation of the “structure – properties” relationship and development of new NDCB types, particularly for 
electrochemical systems of energy storage. 
The elemental analysis, EPR, IR and Raman spectroscopy data were obtained using facilities of the Omsk 
Regional Shared Equipment Center SB RAS. 
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